In water reservoirs and dams in Japan, the increment of sediments causes capacity reduction and water quality deterioration. In the present paper, the siphonic sediment removal system, invented by Sadatomi, is experimentally studied using different sized siphons and sands. From the present and our previous data for spherical particles, a new correlation of particle volume flow rate fraction is obtained. By incorporating the new correlation, the performance prediction model proposed in our previous study is revised. The revised model is validated by testing against the present data as well as previous data. Thus, the revised model is promising as a design tool of actual large scale systems.
I. INTRODUCTION
In water reservoirs and dams in Japan, the increment of sediments on their beds causes the reduction of capacity and the deterioration of water quality. However, commonly used removal system, such as sand pump [1] and bucket [2] , requires a large power and cost. Thus, the development of a new efficient and economic system for removing sediments is eagerly desired. Such a situation provoked Sadatomi to invent a new siphonic removal system with a little power except for the first operation [3] . Two representative siphonic removal systems in Japan are: (a) the sediments and water are sucked by a siphon pipe connected to a closed water tank by pumping water from the tank to an another pipe [4] ; (b) the sediments and water are sucked by a single siphon pipe penetrating horizontally the dam, and the inlet of the siphon are hanged up and down to prevent the occlusion of the sediments [5] . The first type has the following two demerits: (a) a large power is required for the pumping; (b) a closed tank and a large separator tank must be submerged in the reservoir thus high cost. The second type has the following two demerits: (a) it is not easy to penetrate the siphon pipe for a used dam; (b) it is ineffective because the time of sucking water alone is much longer than that of both the sediments and water. Contrary to these, Sadatomi's new siphon system [3] can continuously remove sediments with a small amount of water because the siphon inlet automatically drop with the remove of sediments, and has merits that it need a little power except for the first operation and that the maintenance and the Manuscript received March 20, 2014; revised July 11, 2014. M. Sadatomi control of the siphon are easy for its simple structure.
In our previous study [6] , experiments were conducted using spherical particles as the sediments and 20 and 30 mm i.d. small scale siphons with square-edged inlet as the test siphon. In addition, a simple one-dimensional model was proposed to predict the performance of the siphon which is needed to design a large scale siphon in actual reservoirs. The model was validated against the data. However, experiments using non-spherical particles, which are important in actual use, have never been conducted.
In the present study, therefore, experiments have been conducted using two-different size sands and spherical particles as the test particles and 30 and 40 mm i.d. middle scale siphons with square-edged and rounded inlets as the test siphon. Furthermore, the performance prediction model [6] has been revised and tested against the data in the present experiments and the data in the previous paper. The results of such experiments and model tests are described in the present paper.
II. SIPHON SYSTEM BY SADATOMI [3]
Fig. 1 shows the siphon system invented by Sadatomi. The suction part consists of inner siphon pipe and sliding outer pipe with a flange. The sliding outer pipe can automatically drop by its weight and a negative pressure arisen between the flange and the sediments when the sediments are sucked by the siphon. Thus, the distance from the flange to the sediments is properly kept, and the sediments can be continuously and efficiently removed. In addition to the drop of the sliding outer pipe, the inlet of the siphon pipe can be placed in wide area by horizontal rails on the bank and horizontal arm for rotation, and so on. In the first operation of the system, water are poured from the top by opening the valve 3 at the close of valves 1 and 2, then the valve 3 is closed and valves 2 and 1 are opened in turn. Siphonic Removal of Sediments in Water Reservoirs -Additional Experiment for Model Revision baffle plates and water jet device if necessary. The screen prevents the occlusion of the siphon by the entrance of large stone etc. The baffle plate prevents the generation of free vortex causing centrifugal force in the siphon pipe. Thus the sands and mud can flow in the central core of the siphon, minimizing the friction between them and the pipe wall. The water jet device is necessary when the sediments are hard adhesive clay because the clay must be broken in order to introduce water into the siphon pipe.
III. EXPERIMENT Fig. 2 shows the test apparatus, and two types of siphon inlet: the square-edged inlet [6] and the rounded inlet which was newly tested. The curvature radius of the rounded inlet was 7.5 mm and 10.0 mm respectively for 30 mm and 40 mm i.d. siphon pipes, being proportional to the siphon radius.
A 0.5 m i.d. and 1.5 m deep tank, i.e. an upper tank, was filled with test particles and tap water, and was placed on the second floor of our laboratory. From the tank, the particles and water flowed up, flowed horizontally above a handrail, and flowed down into a separator. In the separator, the particles were separated from water with a net and discharged into a bucket on an electric balance. The volume flow rate of particles, Q S , was determined from the time variation of particles weight in the bucket and the particle density. The volume flow rate of water after separation, Q L , was measured with an electromagnetic flow meter. The particles volume fraction in the siphon pipe,  S , was measured with a constant electric current method developed by Fukano [7] . In order to keep the water level in the upper tank constant, water with the same volume as the total of water and particles discharged was returned to the upper tank with a centrifugal pump. Since the particles in the upper tank were not enough even at the beginning of the experiment, the duration of the steady flow in the siphon was not so long. So, in order to obtain the steady flow data of Q S , Q L and  S , the output signals from the respective detectors were fed to a personal computer via a data acquisition system, and the respective time mean values were adopted as the experimental data. The duration of the steady flow became shorter with increasing of the driving head, H, because Q S and Q L increased with the head. The uncertainties of measurements were estimated to be within about 5 % for Q S and Q L , and 3 % for  S . Table I lists the specifications of four kinds of the siphon pipe: two small type siphons used in our previous study [6] and two medium ones in the present study. The total length from the inlet to the exit of the siphon, L, the horizontal length connecting the upriser pipe and the downcomer pipe, L H , and the level difference, H, are listed. Table II lists the specifications of test particles. Spherical particles of SP-1, SP-2, SP-4, and SP-1 & SP-4 mixture were the same as those used in our previous study for the small type siphons [6] . In addition to these, non-spherical ones, Sand-S and Sand-L (larger particles selected by screening from K3 and K4 type in Kumamoto-Silica Mining Co. Ltd.), were used in the present experiments. Mean diameter, material, and mean density of each particle are listed. As to the density, SP-1 and SP-2 were about 1.4 times of the sand. 
IV. EXPERIMENTAL RESULTS
Sadatomi et al. [6] proposed a performance prediction model of the present siphon system, by assuming the particles-water flow in the siphon as a homogeneous mixture flow. In order to confirm the validity of the assumption, the particle volume fraction data, S , are compared with the particle volume flow rate fraction data,  S , which was determined by substituting the measured volume flow rates of water and particles into  S = Q S /(QＬ+Q S ). Fig. 4(a) -(c) shows such comparison results for the spherical SP-1, non-spherical Sand-S, and Sand-L.  S data are plotted as circular symbols, while  S data as triangular symbols. The abscissa is the level difference, H. In Fig. 4(a) for SP-1 particles in 30 mm i.d. siphon with square-edged inlet,  S >  S in the small type siphon while  S >  S in the medium type one. The difference in data trend is not only caused by the difference of H but also by that of the horizontal siphon length, L H . L H in the medium type siphon is three times longer than that in the small type one, thus particles in the medium type one mainly flow in the bottom part of the pipe cross-section, thus the particles velocity becomes slow, and  S becomes high even in the downcomer. In Fig. 4(b) and (c) for Sand-S and Sand L in 40 mm i.d. siphon, however, the difference between  S and  S is quite small, irrespective of inlet geometry. Thus, the assumption of homogeneous mixture flow in the siphon, i.e.,  S =  S , is acceptable for non-spherical sands which are more important in practical applications.
In order to efficiently remove the sediments, the ratio of the sediments to water in the siphon is higher the better. Since the present siphon system has a beneficial function that the siphon inlet can slide down with the removal of the sediments,  S value is quite high and between 0.3 and 0.6 as seen in Fig. 4(a) -(c).  S value is higher for the spherical SP-1 than that for the non-spherical Sand-S and Sand-L, and  S value for Sand-S is higher than that of Sand-L. The presumable reason of these is that  S value when the particles are well packed in the same siphon pipe by hand is higher in SP-1 than Sand-S, and is higher in Sand-S than Sand-L.
V. EXAMINATION OF PERFORMANCE PREDICTION MODEL
Similarly to our previous paper [6] , the performance of the siphon has been predicted by assuming the particles and water flow in the siphon as the homogeneous mixture flow.
In the present model, however, the correlation of  S has been revised in order to widen the applicability to the non-spherical sands and to the rounded siphon.
The basic equation of the model is the conservation equation of energy between the water surface of the upper tank and the exit of the siphon:
Here, the left-hand-side of Eq. (1) is the hydrostatic pressure when the siphon exit is taken as the base level. The three terms of the right-hand-side are respectively the dynamic pressure of the homogeneous mixture flow, the total of the pressure loss at siphon inlet, two elbows, and wall friction, and the pressure loss in the sediment bed. In Eq. (1),  is the density, u the mean velocity, H the level difference between the water surface of the upper tank and the siphon exit, L and d the total length and the diameter of the siphon pipe. In the present calculation, the friction factor, , was calculated from the Blasius' equation:
Here, the density of the homogeneous mixture was taken as 
, and the viscosity of that as [8] . The siphon inlet loss coefficient,  I , and the pressure loss coefficient in the sediment bed,  P , were determined by preliminary experiments as described in Appendix. The elbow loss coefficient,  E , was taken as  E = 0.21 [9] .
If the water velocity through sediment bed is assumed to be equal to the homogeneous mixture velocity, i.e., u Le = u H , the mixture velocity can be calculated by
In the calculation of Eq. (3), an iteration technique is needed because  is a function of u H as seen in Eq. (2). Since the solid-liquid mixture is assumed to be homogeneous, the liquid and solid volumetric fluxes are given by
By multiplying them to the siphon cross-sectional area, A, the volume flow rates of liquid and solid are given by
Thus, if  S can be correlated as a function of flow parameters, Q L and Q S are calculated from Eqs. (2) - (5) . In our previous study [6] for spherical particles-water flows in the siphon with the square-edged inlet, we proposed a  S correlation as follows: Here, d P is the mean particle diameter, s the specific gravity of the particle, u P the settling velocity of the single particle in a stagnant water pool (measured value), and  W the kinematic viscosity of water.
In the present study, by accounting for the effects of the horizontal siphon length, L H , a new  S correlation is proposed:
Here, the experimental constant, K, is 1.09 and 0.86 respectively for spherical and non-spherical particles in the square-edged siphon inlet, while 1.17 and 0.85 for those in the rounded siphon nlet. Fig. 5 (a) and Fig. 5 (b) compare  S values between experiment and calculation respectively by Eqs. (6) and (7) .
The data are the mean  S value at different level differences, H, in each particle. The data are plotted as darkened symbols for the small type siphon and open symbols for the middle type one with different symbols for each particle. In addition, the data for the rounded inlet are marked with + on the respective symbols. The calculation by Eq. (6) over-predicts the data about 15 % as seen in Fig. 5 (a) , while that by Eq. (7) fits well the data as seen in Fig. 5 (b) . Thus, an improvement of the predictability by Eq. (7) is confirmed. The discharge rates of water and particles, Q L and Q S , were calculated by the model [6] with Eq. (6) and/or Eq. (7) . The calculated results are compared with the data for Sand-S in the medium type siphon in Fig. 6 (a) , Fig. 6(b) and for Sand-L in the small type siphon in Fig. 6 (c) , Fig. 6(d) , respectively for the square-edged and the rounded inlets. Q L and Q S data are plotted with circular and triangular symbols, while the calculations with Eq. (6) and Eq. (7) are drawn as hair lines and heavy lines. These comparisons justified that the calculations with Eq. (7) are superior to those with Eq. (6) regardless of the siphon type, the size of the sands, and the geometry of the siphon inlet.
The calculated results by the model [6] with Eq. (7) are also tested against the data for spherical particles of SP-1 and SP-4 in the medium type siphon. Fig. 7 (a) and Fig. 7 (b) show the results respectively for 40mm and 30 mm i.d. siphons with the rounded inlet. The data for SP-4 and SP-1 are plotted as circular and triangular symbols, and Q S and Q L data are shown as red and open symbols. The calculated results of Q S and Q L are drawn as red solid curves and black broken curves with hair line and heavy line respectively for SP-4 and SP-1. We can conclude that the agreement between the data and the calculation is better for Q S than Q L , and the agreement for Q S is better in SP-1 than SP-4, and that for Q L is better in SP-4 than SP-1.
Cal. [6] with Eq. (6) Cal. [6] with Eq. 
VI. SUMMARY AND CONCLUSIONS
In order to develop an efficient and economic siphon system to remove sediments on reservoir beds, experiments were conducted using 30 and 40 mm i.d siphons in laboratory scale and two-different size sands and spherical particles. In addition, the performance prediction model proposed in our previous study [6] was revised by considering the effects of the size and the geometry of both the siphon and the particles. The followings are main findings:
1) The particle volume fraction in the siphon,  S , was from 0.3 to 0.6, being the evidence of very high sediments suction performance.
2) Since  S was nearly equal to  S , the water-particles mixture in the siphon can be regarded as homogeneous. However, the relationship between them depended on the horizontal siphon length. So, a new  S correlation accounting for the length was developed.
3) By incorporating the new  S correlation into the model [6] , the model can predict well the present particles and water discharge data regardless of both the siphon and particles size and geometry.
APPENDIX: EVALUATION OF  I AND  P
The siphon inlet pressure loss coefficient,  I , was determined by measuring the water volume flow rate, Q L , when no particles was stocked in the upper tank, and fitting the measured Q L to the calculated one from Eqs. (3) -(5) by taking  H =  L and  S = 0. In the fitting, the calculation was iterated by changing  I value, and Q L value was compared between the measurement and the calculation.  I value shows best agreement between them was selected as the loss coefficient. The best fit value of  I written on Fig. 8 is higher for the 30 mm i.d. siphon than the 40 mm one, and that it is higher for the square-edged inlet than the rounded one. Furthermore, the present  I values depend on the siphon pipe diameter and are larger than those listed in common text book of "Fluid Mechanics." The reason is probably that the flange diameter and the roughness are different between them. The pressure loss coefficient in the particles bed,  P , was determined by measuring the water volume flow rate, Q L , by covering the siphon inlet with a thin stocking reinforced with a rough screen, in order to block the suction of particles [6] .
Since the resulting  P value was almost independent of the kinds of the present particles, the averaged value of  P = 2.6 was adopted in the performance prediction, irrespective of the particles. 
